We have fabricated mechanically controlled break junction samples made of lead (Pb) by means of state· of-tbe-art nanofabrication methods: electron beam lithography and physical vapour deposition. The electrical and magnetic properties were characterized in a 3 He cryostat and showed a bard superconducting gap. Temperature and magnetic field dependence of tunnel contacts were compared and quantitatively described by including either thermal broadening of the density of states or pair breaking in the framework of a Skalslci model, respectively. We show point contact spectra of few-atom contacts and present tunneling spectra exhibiting a superconducting double-gap structure.
Introduction
Due to their well-understood transport properties, atomic-size contacts serve as testbeds for the study of the microscopic origins of a multitude of quantum transport phenomena [1] including, among others, shot noise, thermopower, and superconducting multiparticle transport The mechanically controlled break junction (MCBJ) technique enables establishing single-atom contacts of a variety of metals, thereby combining tunability and stability over several hours. Of particular interest are nanofabricated MCBJs that lend themselves as electrodes for hybrid junctions in which molecules or nanoparticles are captured [1] and which can be embedded into more complex nanoelectronic circuits [2] .
Where superconductivity is concerned, so far the material of choice bas been aluminum (AI) due to its robust superconducting properties that are well described by BCS theory and its well-established nanofabrication recipe. A drawback of AI, however, is its relatively low critical temperature of 1' c = 1.19 K that goes along with a rather small gap of 2.6. = 356jleV and critical field Be = 10 mT. For exploring 1 Autbor to wbom any correspondence sbould be addressed the superconducting properties of hybrid devices with AI, measuring at very low temperatures in 3 He/ 4 He dilution refrigerators and sophisticated wiring and filtering are required.
Therefore, other superconductors such as MoRe have been explored to serve as electrode material for molecular junctions using the electromigration technique in a proximity effect arrangement [3, 4] . In these geometries, however, MoRe features a soft gap only and a small coherence length. Furthermore, no MCBJs have been reported so far, because using alloys and compounds render the analysis of transport phenomena on the atomic and single-molecule scale more complex. Thus, an alternative elementary superconductor is needed. In this regard, Pb appears appealing, because it exhibits 1' c = 7.2 K, higher gap energy of 2.6. = 2700 j..teV and higher critical field of Be = 80 mT. These properties make studies of subgap transport phenomena more accessible.
Pb bas been used as an electrode material before to create superconducting nanoconstrictions by means of scanning tunneling methods [5 8] , and electromigrated break junctions [9] where it revealed favourable superconducting properties. However, fabricating thin film MCBJs with well-controlled superconducting properties remains challenging because of the low melting temperature of Pb resulting in poor adhesion and granular film growth on many substrates as well as oxidation and contamination issues.
Methods

Sample fabrication
The MCBJ samples were fabricated by electron beam lithography on flexible substrates. First, a bronze foil (thickness 300 m ) is mechanically polished until the surface roughness is below 1 m rms. As the sacrificial and insulating layer, polyimide (Durimide 115A, Fujifilm Electronic Materials) was used, it is soft baked in an oven at 130 C
• and then cured in high vacuum at 450 C during the dry etching process which we attribute to oxidation of the surface. We can deduct an oxidation of a few nm from this resistance change. Thus, a film thickness of 100 nm is advantageous: it is sufficient to retain a metallic core in the nanobridge as is proven by the temperature dependence of the resistance which reveals metallic behavior with an elastic mean free path corresponding to the grain size observed in the electron micrographs. Since the samples are first broken at low-temperature in cryogenic vacuum, the metallic core is never exposed to a reactive atmosphere and the ex situ preparation does not affect the sample quality.
The indicated fabrication parameter combination is a result of an intensive optimization process. Possible problems when using higher substrate temperatures are partial desorption and large metal grains giving rise to incomplete layer growth. We also tested higher evaporation rates that, however, degrade the mask material hampering a complete mask lift-off, while lower rates increased contamination of the metal film deteriorating the superconducting properties.
Measurement setup
A He 3 cryostat (Oxford Instruments Heliox VL) with base temperature of 300 mK and custom-made high-resolution wiring is used [10] . The measurement electronics consists of a real four-wire measurement with voltage and current amplifier including a lock-in amplifier to measure 1st and 2nd derivative of voltage (V ) and current (I) simultaneously (see figure S2 , available online at stacks.iop.org/NANO/29/ 045703/mmedia). A DC motor drives a low-temperature compatible breaking mechanism. The temperature is monitored by a resistive thermometer next to the sample and the magnetic field is applied by a superconducting solenoid system perpendicular to the sample plane.
Results and discussion
Sample properties
Comparing the samples' resistance values at room and low temperature yields an average residual resistance ratio (RRR) of around 30. With the sample geometry we deduce a mean free path of l 150 300 nm -(v 1.81 10 cm s Conductance histograms for each sample are calculated from several hundred breaking traces recorded at elevated temperature ( T 8 K c ). Examples of breaking curves are shown in the supporting information (SI). An example of a conductance histogram is depicted in figure 2 , exhibiting a broad peak around 1.6 and a shallow one at 3.5G 0 . The positions of the maxima indicate the conductance of preferred atomic configurations of the contacts, while the shape and the height of the peaks depend on the experimental realizations [1] . Here, the peaks are somewhat broader and shifted to slightly lower conductance values than reported for STM prepared junctions or MCBJs from bulk wires, as typical for thin-film MCBJs [11 15] . Additionally, a lower number of traces due to the slow operation is recorded.
The first maximum is formed by the last plateaus before breaking and reflects the formation of single-atom contacts, while the second one corresponds to two-atom wide contacts [13] . At variance with earlier observations, the first peak is split into two maxima around 1.3 and 1.8Go. Such a splitting bas been observed before for Zn [16] and Sn [13] with large grain sizes and was attributed to different crystalline orientations of the electrodes. The same effect can be expected for thin-film MCBJs of Pb as well.
The material specific parameters of four samples are listed in table 1.
Thanks to the outstanding mechanical stability of the lithographically fabricated samples, an established atomicsize contact obtained by stretching or compressing the electrodes is stable over hours. Its lifetime is reduced by sweeping magnetic fields, applying high bias voltages, and by elevated temperatures which will relax the atomic arrangement obtained by mechanical deformation to an energetically more favorable configuration. A deterioration of the sample properties was never experienced within a single cooldown.
Tunnel spectra
Breaking the nanobridge below Tc into the tunneling regime forms a superconductor insulator superconductor junction with typical shape of the current voltage(/ V) characteristics with a complete suppression of the current (see inset of An increase of the gap has previously been reported for samples with a lower mean free path [17] . The numerical derivative dl/ dV reveals a broadening of the coherence peak at the gap edge on the order of 150 ± 20 Jle V full width at half maximum for two samples, while it amounts to 250 ± 20 ~e V for the remaining two, presumably because of a small residual magnetic field in the superconducting coil and the high sensitivity of the transport properties to magnetic fields (see below). We attribute the rounded peaks in the dl/ dV to a broadening of the density of states (DOS), since the I Vs in the tunnel regime represent convolutions of the DOS of the electrodes. The transmission probabilities can be assumed to be energy independent in the given small energy range. The measured current is proportional to the integration over the DOS p, the applied bias voltage V and temperature T with the Fermi function J, formu1ated here with the energy scale € relative to EF:
Magnetic field dependence
The influence of an applied magnetic field on the tunnel spectra is plotted in figure 4 . For the reduced geometry of a mesoscopic contact with lateral dimensions smaller than the London penetration depth the critical field Be is enhanced, as has been observed before in nanonecks of Pb formed by the STM technique [7] . In our samples the nonlinearities in the dlfdV are suppressed at ~200mT. We use a Skalski pair breaking model [18] (see (SI) for the equations) to quantitatively describe the transition from the bard gap in zero field to the normal state. We calculated the dl/dV by numerically solving these equations and compared them by the method of least squares to find the best-fitting parameter set. We fit the measured I Vs assuming a Skalski DOS (see Sl3) shown in the bottom panel of figure 4 .
In this model and for the given geometry of a thin film we expect a broadening of the DOS and a transition to gap less superconductivity proportional to the square of the applied field [19, 20] which is expected for thin film samples with a parallel field applied:
Here De 1 = ivpl is the electronic diffusion constant with the sample's effective width w. Even though we applied a perpendicular field, such a behavior is expected due to the contact geometry, since the voltage drops over the narrowest part where the sample forms a wire with approximately square-shaped cross-section [7, 21] .
The initial broadening in zero field is accounted for by a small f = 6 X IQ-3 . The resulting pair breaking parameters f are plotted in the inset as a function of B 2 and listed in table 2. The roughly linear dependence at small fields supports the validity of the model. For higher fields the precision with which r can be determined is limited and the fitting parameter range was cut off at 3.8.
Temperature dependent DOS broadening
Examples of tunnel spectra for sample C at various temperatures are plotted in figure 5 . Beside a reduction of the gap
(T) when approaching Tc, as expected, we observe a pronounced broadening of the coherence peak that goes beyond mere thermal broadening of the Fermi functions, as a tentative fitting reveals (see figure S3 ). This observation is distinctly different from the behavior of AI where only negligible broadening was observed [21) . 7T ~ + €
The latter is motivated by the fact that Pb is known to be a two-band superconductor with differing gap size, where the relative weight of appearance of the gaps in the DOS depends on the crystal orientation [22] . Here we deal with polycrystalline samples with arbitrary orientation of the grains and can thus expect a smearing of the DOS at the gap edge. The results of the Lorentzian broadening model is displayed in figure 5 . Trn and broadening ~(T) are plotted as a function of temperature in the overview, see figure 6 .
The fitting with the Lorentzian distribution of gaps describes the experimental data well. Two other models to describe the observed temperature dependence of the spectra are presented in the Sl The width of the Lorentzian curve as a function of temperature follows a linear behavior. The distribution of gaps at zero temperature is expected to result also in a variation of the temperature dependence of the gap. 
Multiple Andreev reflections (MAR)
When closing the MCBJ to form atomic contacts, nonlinearities in the I Vs occur at subgap voltages. These arise from MAR [23, 24] , and the exact shape of the I Vs depends on the number and transmission probabilities of the conduction channels of the atomic contact [ 11 ] , enabling to correlate the transport properties to atomic configurations [25] . Examples of I Vs recorded on contacts with conductances in the first histogram maximum and the tunnel regime of sample Care plotted in figure 7 . The experimental data is compared to a theoretical model of MAR [23] to determine the number of conduction channels in the contact The fitted curves together with the best-fit parameters are also shown in figure 7 . The quality of the fits is comparable to the ones obtained before from STM break junctions of Pb [5, 7, 11] . Due to the finite measurement temperature the number of channels that can be determined precisely is estimated to be seven. When petforming the procedure at higher temperatures, the thermal broadening reduces the resolution, resulting in a smaller maximum number of unambiguously disentangled channels.
For contacts with conductances between 1.5 and 2.6G 0 , we find 3 to 4 conduction channels as expected for singleatom contacts of Pb [11 ] and observed before in STM-based experiments [26] . This finding supports the interpretation of the first histogram peak to represent single-atom contacts. The transmission values are in general not quantized, but often one dominating channel achieves transmission values only slightly below 7i = 1, as found earlier for single-atom Pb contacts [5, 7, 11] .
Phonon spectra
Pb as a soft metal reveals van Hove singularities in the phonon DOS at roughly 4 meV (TA phonons) and 8.6 meV (LA phonon), just slightly above the superconducting gap [27] . These reveal themselves as minima in the point contact spectra (PCS), d 2 I/ dV 2 , of junctions with several nm diameter fabricated by the classical needle-anvil method [28] . When reducing the size of the contacts to the atomic scale, a variation of the phonon energies and the appearance of soft phonons has been predicted [29] . Furthermore, when breaking the contacts to form tunnel contacts, a transition to inelastic electron tunneling spectroscopy (JETS) is expected [30] . 1n the single-channel case for transmissions larger than 0.5, the phonon excitations are expected to appear as minima in the d2J j dV 2 for positive bias. For smaller transmissions, phonon excitation is signaled by maxima in positive bias, corresponding to the lETS case. Since the spectra are expected to be anti symmetric with respect to bias reversal, the sign change holds vice versa for negative bias [31] . Deviations from the antisymmetry indicate that additional features such as conductance fluctuations contribute to the transport, as has been observed before in, for example, Au [32] or Pd [33] atomic contacts.
To test these predictions, we study the second derivative of the I Vs of atomic contacts made with the lithographic MCBJ technique at T = 650 mK and B = 1 T in the normal conducting state. The outstanding stability of this technique enables us to take consecutive measurements over hours. Figure 8 shows a set of PCS recorded when slowly stretching a contact from 4G 0 to 0.46G 0 . For all spectra we observe a pronounced minimum maximum combination around zero bias. This shape indicates a minimum of the differential conductance around zero bias (see figure S5 ). This zero-bias anomaly (ZBA) is interpreted to arise from dynamic Coulomb blockade (DCB). DCB is expected to occur due to the reduced screening of the conduction electrons in the narrow constriction [34] . The observability of DCB depends on the frequency-dependent impedance of the circuit in which the junction is embedded It was observed in AI atomic contacts when adding on purpose resistive leads before [34] . Pb bas a relatively large normal state resistivity sufficient to observe remainders of DCB without additional lead resistance.
Besides the DCB structure we observe additional features in the voltage range of ± 10 m V, the shape of which varies from contact to contact and which we will discuss now, starting with the largest contacts. By comparison with the conductance histogram, the contacts with G > 4G 0 correspond to contacts with more than two atoms in cross-section. In addition to the ZBA, the spectrum of the thickest contact with G = 4.6Go reveals shallow maxima at -9(£ ) and -5 mV(• ) and weak minima at + 5(• ) and +9 mV(£ ). These features appear close to the bulk phonon energies and are therefore tentatively attributed to phonon scattering. They remain visible for contacts with G ~ 3G 0 , which represent two-atom contacts.
When further stretching the junction, the structures at eventually invert sign. The structure at + 5 m V also inverts its character upon stretching, while the feature at -5 m V is difficult to follow because of its vicinity to the ZBA. Nevertheless the gross behavior follows the expected transition from the PCS behavior of large contacts to the lETS behavior for tunneling. In the present case, the transition seems to occur around G ~ 2Go, i.e. when approaching the single atom regime. In view of the MAR analysis in which still a very well transmitting channel with T > 0.5 was found also for the single-atom contacts, we conclude that the phonons are excited by one of less transmitted channels. Finally, in the tunnel regime (contacts with 0.46G 0 and 0.67Go) two distinct maxima in the positive and a minimum in the negative bias branch are observed, as expected for the lETS case with all channel transmissions <0.5.
Summarizing, the two limiting cases correspond well to the known PCS and lETS behavior, while when the contacts are disordered, the phonon signal is masked by conductance fluctuations which also change their appearance upon reconfiguration of the contact, thus hampering an unambiguous assignment of all features to particular physical effect Still, the possibility to fine-tune the contact size with sub-atomic ;:;;;. Figure 10 . Sample E shows the well defined tunneling gap with fl.pE ~ 900 f.LeV and a peak separation of230 f.LeV in dl/ dV at 600 mK and zero magnetic field. The reduced gap size is attributed to negative proximity effect induced by the protecting Au layer. precision opens the possibility to optimize the sensitivity to the targeted physical phenomenon.
Resolving the double gap of Pb
As Pb is already known to show more than one distinct gap energy [35 37 ], a recent STM study revealed a crystaldirection dependent gap size in Pb tunnel junctions, confirming Pb to be a two-band superconductor. The energy difference between the smallest and largest gap amounted to around 150 !JeV [22] . As mentioned before, we attribute the finite width of the coherence peaks of rougWy 150 !JeV, observed in our polycrystalline junctions, to arise from averaging over different gaps sizes. To force a particular growth direction with the aim to favor a particular gap size, we fabricated a sample consisting ofl50 run Pb covered by a 20 run thick Au layer (see figure 1, right) . The conductance histogram presented in figure 9 shows no peak around 1 G 0 (as would be expected for Au atomic contacts [1] ), but two broad peaks around 0.4 and l.7Go. While the origin of the peak around 0.4 Go is unclear, the latter one corresponds well to the observations for the pure Pb samples. When breaking 7 the sample to form a tunnel contact, we observe a double step of the l V at the gap edge around 2.6.pE R:J 1800 Jle V, see inset of figure 10. The differential conductance depicted in the main plot reveals two peaks offset by 230 IJe V. The overall reduction of the gap is attributed to the negative proximity effect. The splitting is, however, bigger than in the clean Pb case [22] . But ab initio calculations expect higher splitting [38] and some earlier results present a variety of gap energies [35, 36] . Since the larger gap in pure Pb is given by electrons originating from the p-d band and the smaller gap by s-p electrons, we conclude that the s-p band superconductivity is more affected by the negative proximity effect than the p-d system, thus enhancing the apparent splitting. This interpretation is in accordance with the fact that the charge carriers in the Au are also s-electrons, their hybridization with the s-p electrons from the Pb can be expected to be more pronounced.
Conc lusion
In conclusion we presented a fabrication scheme and thorough characterization of tunable superconducting tunnel and few-atom contacts made of thin-film break junctions of Pb. The superconducting properties are close to the ones of bulk Pb, except for an enhanced critical field due to the small lateral size. ln the contact regime the subharmonic gap structure caused by MAR is well-developed and enables the determination of the number and transmission coefficients of the Landauer conduction channels. Besides AI and Nb, Pb is only the third elementary superconductor to combine a BCSlike spectrum with nano-fabricated break junctions [39] . When proximitized with Au the double-band superconductivity of Pb is resolved. The higher critical temperature, larger gap size and higher critical field of Pb compared to AI make Pb lithographic break junctions suitable as leads for contacting nano-objects like molecules, clusters or quantum dots and to reveal their quantum transport properties.
